Abstract: Ultrasonic-vibration-assisted grinding (UVAG), a hybrid machining process combining material removal mechanisms of diamond grinding and ultrasonic machining, has been used to machine various hard-to-machine materials. Large amount of research work on UVAG has been carried out since it is invented. However there are few review papers to cover the current literature on UVAG. The emphasis of this literature review is the experimental investigations of the drilling process with ultrasonic vibration using a core drill with metal-bonded diamond abrasives. Experimental results are summarised and compared. The inconsistent results and their reasons are discussed. Furthermore, directions of future research on UVAG are also presented.
Introduction
Ultrasonic-vibration-assisted grinding (UVAG), also known as rotary ultrasonic machining (RUM), is a hybrid process which combines material removal mechanisms of ultrasonic machining and diamond grinding. UVAG has the potential for high material removal rate (MRR) and clean cuts (Prabhakar, 1992) . It is reported that UVAG has six to ten times higher MRR than traditional grinding , and it is about ten times faster than ultrasonic machining (USM) (Cleave, 1976) . Tool pressure and torque in UVAG are low (Cleave, 1976; Cusumano et al., 1974; Cong et al., 2011 Cong et al., , 2013a Cong et al., , 2012c Cong et al., , 2012d : lower pressure is especially helpful when drilling small holes, deep holes, or adjacent holes with thin dividing walls (Cleave, 1976) . UVAG also has reduced edge chipping, breakout and damage (Cleave, 1976) . In addition, UVAG can easily fit in with traditional machines with some modifications (Prabhakar, 1992) and it can increase hole accuracy and reduce tool wear (Markov, 1977) . Furthermore, Churi et al. (2005) demonstrated the feasibility of using UVAG to drill holes in ductile materials (titanium alloy). They presented that tool wear rate was about 85% lower, cutting force and surface roughness also reduced with ultrasonic-vibration-assisted machining.
Large amount of research work on UVAG has been carried out since it is invented in 1964. In 1995, Pei et al. summarised the literature on UVAG of structure ceramics. They reviewed the development history of UVAG process and equipment, experimental and theoretical studies. Zeng et al. (2004 Zeng et al. ( , 2006 reviewed the literature on UVAG of ceramics, including MRR modeling, effects of five input variables on MRR and tool wear. In 2007, Churi et al. (2007a) summarised the literature on UVAG of hard-to-machine materials, including alumina, silicon carbide, ceramic matrix composites (CMC) and titanium alloys. They reviewed effects of three input variables (rotational speed, feedrate, and ultrasonic power) on UVAG performances (cutting force, surface roughness, and edge chipping). Kumar et al. (2013) made a comprehensive review for stationary USM and rotary mode USM as well as hybrid USM. Due to the advantage of UVAG, more UVAG research results have been reported after these review papers published, especially UVAG has been applied to new kinds of materials (like carbon fibre composites) and more input and output variables have been involved in experimental investigations. However, there are no systematical reviews to include the new results.
This paper reviews experimental investigations on UVAG (while theoretical investigations and modelling work as well as equipment designs will be reviewed in separate papers). It summarises what has been done and what has not yet, as well as some inconsistent results in the literature. Directions of future research on UVAG are also discussed.
This paper is organised into ten sections. Following this introduction section, Section 2 provides definitions and significance of UVAG input variables as well as typical values of these variables used in experiments. Sections 3 to 8 present experimental investigations on six UVAG output variables (MRR, surface roughness, cutting force and torque, tool wear, edge chipping, and surface and subsurface damage), respectively. Two new cutting methods, rotary ultrasonic elliptical machining (RUEM) and UVAG with variable feedrate, are also introduced in Section 9. Section 10 contains concluding remarks.
Definitions and significance of UVAG input variables
Figure1 is a schematic illustration of UVAG. A rotating core drill with metal-bonded diamond abrasive is ultrasonically vibrated while being fed into the workpiece at a constant pressure or a constant feed rate. Coolant pumped through the core of the drill washes away the swarf, prevents jamming of the drill and keeps it cool (Prabhakar, 1992) . Source: Prabhakar (1992) In this paper, experimental investigations using two types of machines (constant feedrate and constant pressure) are included. For the type of machines with constant feedrate, constant feedrate is applied on the tool (or workpiece) to feed the tool (or workpiece) towards the workpiece (or tool), and cutting force is an output variable. For the other type of machines, constant pressure is applied on the tool (or workpiece) to feed the tool (orworkpiece) towards the workpiece (or tool), and feedrate is an output variable.
Important input variables in UVAG can be classified into three categories: • variables related to cutting tool: diamond type, diamond grain size, diamond concentration, bond type, tool geometry (number of slots,outer diameter, chamfer direction and angle, and wall thickness)
• variables related to process: ultrasonic vibration amplitude, ultrasonic vibration frequency, tool rotational speed, and feedrateor pressure • other variables: workpiece material type, coolant type and delivery mode, and support length of workpiece.
Diamond type
The cutting tool used in UVAG is a core drill. The end portion of the drill contains bonded abrasives, as shown in Figure 1 . Diamond grains are commonlyused in UVAG (Salmon, 1992) . Two types of diamond are reported for UVAG: natural and synthetic diamond (Prabhakar et al., 1993) .
One grade of nature diamond (A16) and three grades of synthetic diamond (SAM, ASP 16, ASV16) were reported (Petrukha, 1970) .
Diamond grain size
The grain size of diamond abrasive in UVAG is usually expressed as mesh size. It corresponds to the number of openings per linear inch in the wire gauze used to 'size' abrasive grains. But this wire gauze is employed primarily for sizes ranging from mesh #4 to mesh #240 (Salmon, 1992) . For smaller grain sizes, the diameter of the abrasive grains is used to express the abrasive grain size.
Different diamond grain sizes are reported in UVAG. For example, mesh 60-800 (Kubota et al., 1977) , mesh 100-240 (Hards, 1966) , mesh 280 (Anantha Ramu et al., 1989) , mesh 80 (Ya et al., 2001) , mesh 325, mesh 500, mesh 600, mesh 800 (Wang and Lin, 1993) , mesh 40/50, mesh 40/170, mesh 60/80, mesh 80/100 (Churi et al., 2007d) , mesh 270/325 , mesh 315/400 (Markov, 1977) , 50-220 μm (Prabhakar, 1992) , 50-250 μm (Prtrukha, 1970) , and 181 μm (Dam et al., 1993) .
Diamond concentration
Diamond concentration is defined as the weight of the diamond in each cubic inch of the bond material. 'When 72 carats of diamonds are added in 1 cubic inch of bond material, then the diamond concentration is called as 100 concentration' (Web, http1://www.diamondbladeselect.com); when 54 carats of diamond grains are added in 1 cubic inch of bond material, then the diamond concentration is called as 75 concentration. Each increase or decrease of 18 carats will cause the concentration to change by 25% (Web, http1://www.diamondbladeselect.com).
Diamond concentration is one of the crucial characteristics of diamond tools (Prtrukha, 1970) . It is related to the grinding or cutting efficiency and the machining costs. If the concentration is too high, many diamonds will fall off the tool prematurely, resulting in waste of the diamonds. If it is too low, the grinding efficiency will be reduced (Web, http1://www.diamondbladeselect.com). In reported investigations on UVAG of brittle materials, the concentration used ranged from 50 to 200 (Cusumano et al., 1974; Markov, 1977; Kubota et al.; 1977; Prtrukha, 1970; Tyrrell, 1970) .
Bond type
Bond material in the cutting tool holds diamond grains in place (Kim et al., 2001; Stoica et al., 2003) . The physical and mechanical properties of the bond substantially influence the cutting properties of a diamond tool (Prtrukha, 1970) . There are three common types of bond: resin, ceramic, and metal (Tyrrell, 1970) . Brazed and electroplated are two methods for fabricating metal bonded diamond abrasive tools for UVAG. Electroplated tools offer a mechanical bond holding the diamond to the substrate while brazed tools offer a chemical bond holding the diamond to the substrate.
Bond-types affects workpiece/tool hardness ratio. This ratio is inversely proportional to penetration depth of an diamond into workpiece. Consequently, different bond-types result in different penetration depth of diamond into workpiece (Prabhakar, 1992) .
Diamondtools with metal bonds are used in UVAG (Prabhakar, 1992; Markov, 1977; Kubota et al., 1977; Hards, 1966; Ya et al., 2001; Legge, 1964) . Bronze-bonded, steel-bonded, brass-copper alloy and iron-nickel alloy were reported.
Tool geometry
Slots are designed on the end surface of cutting tool as shown in Figure 2 . The number of slots is typically 0, 2, or 4. It will influence the coolant flow rate and MRR, surface roughness of workpiece, cutting force, and tool wear (Churi et al., 2005; Zeng et al., 2008) . Source: Churi et al. ( 2005) Since the cutting tool is hollow, it has outer and inner diameters. Wall thickness is 1/2 of the difference between outer diameter and inner diameter. Wall thickness has a significant effect on MRR and cutting force (Komaraiah and Reddy, 1991; Li et al., 2005c) . In addition, according to the chamfer direction, three types of tool are defined: normal, inner and outer tools, as shown in Figure 3 . Also, chamfer direction and angle, and wall thickness have significant effects on edge chipping (Qin et al., 2010) . 
Ultrasonic vibration amplitude
Ultrasonic vibration amplitude of the diamond tool is an important input variable since it is a measure of the amount of energy input per cycle Markov, 1977) . The vibration amplitude of tool for different power settings can be measured by an optical vibration sensing system. Power settings ranging from 0 to 100% are related to different vibration amplitudes . Both power percentage and vibration amplitude are used to express the vibration amplitude of diamond tool. The vibration amplitude can be indicated directly on some new UVAG device. In the literature, vibration amplitude is expressed by μm or power percentage. 2-16 μm (Prtrukha, 1970) , 3-15 μm (Markov, 1977) , 10-50 μm (Kubota et al., 1977) , 23-33 μm , 2-5 μm (Ya et al., 2001) , 10-23 µm (Dam et al., 1993) , and 20-50% (Churi et al., 2005 (Churi et al., , 2009 were reported.
Ultrasonic vibration frequency
The following ultrasonic vibration frequency values were reported in the literature: 24.5-43.5 kHz (Prtrukha, 1970) , 42.5 kHz (Markov, 1977) , 17.4-40 kHz (Kubota et al., 1977) , 20 kHz Ya et al., 2001) , 16-24 kHz (Legge, 1964 ), 16, 20, 40 kHz (Cusumano et al., 1974 , and 19.5-20.5 kHz (Dam et al., 1993) .
Rotational speed
Rotational speed refers to the rotational speed (rpm, or revolution per minute) of workpiece or cutting tool. Either of them rotates around the axis of symmetry at a certain speed during UVAG.
The following rotational speeds have been reported in the literature: 2,420 rpm (Prtrukha, 1970) , 2,000 rpm (Markov, 1977) , 900 rpm (Kubota et al., 1977; Kremer et al., 1991) , 1,000-3,000 rpm , 450-540 rpm (Ya et al., 2001 ), 4,000-6,100 rpm (Cusumano et al., 1974) , 0-5,000 rpm (Dam et al., 1993) , 500-1,600 rpm (Hards, 1966) , 2,000-5,000 (Churi et al., 2009) , and 50-5,000 rpm (Graff, 1975) .
Feedrate
Feedrate refers to the rate at which cutting tool (or workpiece) is fed towards workpiece (or tool). The feedrates are reported in the literature: 0.55-1.16 mm/s (Prtrukha, 1970) , 0.07-1.67 mm/s (Ya et al., 2001) , 0.06-0.25, 0.06, 0.25, 0.01, 0.09-0.15, 0.02-0.05, and 0.09-0.16 mm/s (Churi et al., 2007b (Churi et al., , 2007d (Churi et al., , 2009 (Churi et al., , 2006 Jiao et al., 2005a Jiao et al., , 2005b Li et al., 2004a Li et al., , 2004b Li et al., , 2005b Li et al., , 2005c .
Constant pressure
Constant pressure is generated by the feed system (Prabhakar et al., 1993) . Constant pressure has a great effect on an MRR for constant pressure machines (Pei et al., 1995) . In the literature, the values of constant pressure were reported: 3-4 psi (Hards, 1966) , 22-32 psi , 427 psi (Prtrukha, 1970) , 100-1,137 psi (Kubota et al., 1977) , and 284-1,137 psi (Markov, 1977) .
Workpiece material type
There are many workpiece material types reported in the literature, and they can be classified into three types: brittle materials, ductile materials and carbon fibre composites. Several brittle materials (Al 2 O 3 , dental ceramics, SiC, poly-crystalline, Mg/ZirO 2 , kotassium dihydrogen phosphate (KDP) glass, silicon, CMC, and two carbon fibre composites [C/C composite, and carbon fibre-reinforced plastic (CFRP)] and two ductile materials (titanium and stainless steel)were reported.
Coolant type and delivery mode
Two coolant types were reported: fluid and cold air. Two coolant delivery modes have been investigated: continuous mode and intermittent mode. With continuous mode, coolant is delivered at a constant pressure, as shown in Figure 4 (a). Currently, it is the dominant coolant delivery mode. Intermittent model delivers coolant at alternative pressures which alter between on and off states, as shown in Figure 4 (b). It was found that intermittent mode has a positive effect on UVAG process compared with continuous mode (Li et al., 2005b) . 
Support length of workpiece
Support length of workpiece is the radial length of the contact area between workpiece bottom surface and fixture, as shown in Figure 5 . It is determined by the diameter of the hole in the fixture. This hole is used to receive the rod drilled from workpiece (Li et al., 2006) . 
Experimental investigations on MRR
MRR in UVAG was calculated by the following equation (Prabhakar, 1992; Churi et al., 2005 Churi et al., , 2006 Li et al. 2005a Li et al. , 2005b Jiao et al., 2005a) :
where D o is outer diameter of cutting tool, D i inner diameter of cutting tool, L length of drilled hole, and T the time it takes to drill the hole. , glass) were tested, and ten of the 13 variables described in Section 2 were studied for brittle materials and only four of them were studied for ductile materials. The materials are classified into three types: ductile, brittle materials and carbon fibre composite as shown in all the tables. Using a constant federate machine, only feedrate has significant effect on MRR in UVAG of Ti and alumina, and MRR was proportional to federate (Churi et al., 2005 (Churi et al., , 2006 . While in UVAG of CMC, MRR was not only affected by feedrate, but also by rotational speed and vibration amplitude. MRR increased with increase of all of the three input variables, but no interaction effects were found (Li et al., 2005a) . However, in UVAG of alumina, feedrate, rotational speed and vibration amplitude have significant three-factor interaction effects on MRR .
For experimental investigations using a constant pressure machine, two types of workpiece materials (Mg/ZrO 2 and glass) were tested. In UVAG of Mg/ZrO 2 , four inputs variables (constant pressure, vibration amplitude, rotational speed, and grain size) have significant effects on MRR and pressure has the most significant effects. MRR increased with increase of all the four input variables. There existed some two-factor interaction effects on MRR . In UVAG of glass, with increase of vibration amplitude, pressure and diamond concentration, MRR increased first, and then decreased. In addition, high strength synthetic diamond (synthetic diamond single-crystals, SAM) gives higher MRR than natural diamond, but natural diamond has a lower wear rate and smaller surface roughness than synthetic diamond (Prtrukha, 1970) . As rotational speed and feedrate increased, MRR increased (Markov, 1977; Kubota et al., 1977; Ya et al., 2001; Prtrukha, 1970) .
It can be seen that, when it comes to MRR, for constant pressure machines, reported results are consistent. Most of the input variables have significant effects on MRR, and there exist two interaction effects. While for constant federate machines, theoretically MRR can be expressed as:
So it should be that the feedrate have the most significant effect on MRR, but this is not the case with experimental results. In UVAG of Ti (titanium and its alloy) (ductile material) and alumina (brittle material), the feedrate is indeed the dominant factor, but for CMC (also brittle material), three variables (rotational speed, feedrate, and ultrasonic power) are important. The mechanical property of workpiece may act as an important factor in UVAG. But no effects of workpiece mechanical property on MRR have been reported. In addition, interaction effects were observed in UVAG of alumina, but not in Ti and CMC. In fact, it is not trivial to find all the interaction effects by experiment since there are so many factors in the machining process. Thus, the best way to examine the interaction effects of factors is to find the machining mechanism.
Experimental investigations on surface roughness
Surface roughness(Ra) of both machined rod surface and hole surface is measured along the feed direction by a surface profilometer (contact mode) (Zeng et al., 2004; Churi et al., 2005 Churi et al., , 2009 Churi et al., , 2006 Churi et al., , 2007a Churi et al., , 2007b Cong et al., 2009a Cong et al., , 200b, 2010 Feng et al., 2012) . It is also measured by microscope ZKM01-250C (non-contact mode) (Wang and Lin, 1993) . Although the stylus method more accurately records the axial cross-section profile of the drilled hole, the travelling length is limited, and it is not easy to adjust the instrument vs. specimen. R a , P t and R q were used to measure the surface roughness of the hole (Wang and Lin, 1993) , where P t was the vertical distance between the highest peak and the lowest valley of the unfiltered profile (Thomas, 1999) . Experimental investigations on surface roughness reported in the literature are summarised in Table 2 . Six brittle materials (Al 2 O 3 , dental ceramics, SiC, poly-crystalline, glass, KDP), two ductile materials (Ti and stainless steel) and two composite material (C/C, CFRP) were studied. Ten of the 13 parameters as described in Section 2 were studied for brittle materials and seven of them were studied for ductile materials.
Compared with traditional diamond grinding, UVAG produces lower Ra. Ra also can be improved by applying different coolant delivery modes (continuous mode and intermittent mode) and different coolant type (cold air or cutting fluid) (Cong et al., 2011; Li et al., 2005b) . Tool slots have different influences on surface roughness for different workpiece material. In UVAG of Ti, higher Ra was observed with slots than without slots. But in UVAG of hot-press alumina, better Ra was obtained with slots (Churi et al., 2005; Zeng et al., 2008) . The reason has not been understood yet. For coolant type, Ra was lower using cutting fluid than using cold air (Cong et al., 2011) . Ra was always proportional to diamond grain diameter and inversely proportional to rotational speed except for UVAG of dental ceramics and KDP (Wang et al., 2009 ). In UVAG of dental ceramics, Ra decreased first and then increased as rotational speed increased, while in UVAG of KDP, a reverse trend was obtained. Note that, the rotational speed ranged from 1,000 rpm to 4,000 rpm in UVAG of Al 2 O 3 (Zeng et al., 2008) , from 2,000 rpm to 5,000 rpm in UVAG of dental ceramics (Churi et al., 2009 ) and from 2,000 to 6,000 rpm in UVAG of KDP (Wang et al., 2009 ). The inconsistent results might be due to different materials and different choices of variable range, but no explanations have been provided in the literature. When it comes to the effect of feedrate and vibration amplitude, inconsistent results were also reported. In UVAG of SiC, Ra is proportional to federate (Churi et al., 2007d) , in UVAG of Al 2 O 3 , feedrate had no obvious effects on Ra (Zeng et al., 2008) or Ra was proportional to federate , and in UVAG of dental ceramics, there existed an optimum feedrate that produced the lowest Ra (Churi et al., 2009 ). In addition, there were no interaction effects on Ra in UVAG of SiC (Churi et al., 2007d) , while significant interaction effects existed in UVAG of Al 2 O 3 and stainless steel Cong et al., 2009a) .
The most obvious inconsistence has been observed when it comes to the effect of vibration amplitude. In UVAG of dental ceramics, Ra increased first and then decreased as vibration amplitude increased (Prtrukha, 1970; Churi et al., 2009 ). In contrast, in UVAG of Al 2 O 3 , Ra decreased first and then increased (Zeng et al., 2008) or did not change much as vibration amplitude changed . In UVAG of SiC, Ra was inversely proportional to vibration amplitude (Churi et al., 2007d) . Again, the inconsistent results might be due to different materials and different choices of variable range, but no explanations have been provided for the inconsistencies in the literature.
In order to explain why the surface roughness of the drilled hole entrance side is better than that of hole exit side, Cong et al. presented and tested three hypotheses. One of them was not rejected and the reason for prior mentioned phenomenon was that the location near the entrance side was ground longer than the location near the exit side (Cong et al. 2013b ).
Experimental investigations on cutting force and torque
Cutting force can affect mechanical properties (fracture toughness and hardness) and microstructure of workpiece materials (Li et al., 2005c) . It is directly related to cutting temperature, surface roughness and accuracy of workpiece, and surface residual stress, etc. Cutting force was investigated in constant feedrate machines. The average or maximum cutting force along the feedrate direction was measured by a KISTLER 9257 dynamometer (Churi et al., 2007b (Churi et al., , 2007d (Churi et al., , 2005 (Churi et al., , 2009 (Churi et al., , 2006 Jiao et al., 2005a Jiao et al., , 2005b Li et al., 2005a Li et al., , 2006 Cong et al., 2009a Cong et al., , 2009b Cong et al., , 2012a . Tables 3 and 4 summarise experimental investigations on cutting force and torque reported in the literature. Seven brittle materials (Al 2 O 3 , ZrO 2 / Al 2 O 3 , dental ceramics, SiC, poly-crystalline, CMC, and silicon), two ductile materials (Ti and stainless steel) and two carbon fibre composites (C/C, CFRP) were studied. Seven of the 13 input variables were studied for ductile materials, six of them for brittle materials and only two of them for carbon fibre composites (Cong et al., 2011 (Cong et al., , 2013a (Cong et al., , 2012a (Cong et al., , 2012b (Cong et al., , 2012c 2012d; Ma, 2013) . There is a phenomena that cutting force in UVAG was lower than that in traditional diamond grinding. Zhao explained this phenomenon by the trajectory of diamond grits and the difficulty level of removing chips using experimental results and kinematic of diamond grits (Zhao et al., 2013) . For drilling as shown in Figure 6 , the difficulty level of removing chip was the main reason for cutting force difference. Since the end face was the main working area of the tool, with the help of ultrasonic vibration and effect of cavitations, it would be easier for chips to be washed away and for coolant to be going into the working area, resulting in low difficulty level of removing chip.
Figure 6 Schematic illustrations of the drilling processes
Source: Zhao et al. (2013) Cutting force was also lower using tools with slots than without slots in UVAG of Ti (Churi et al., 2005; Zeng et al., 2008) , but there was no obvious difference when drilling alumina (Zeng et al., 2008) . Also, cutting force could be lower when using cutting fluid as coolant compared to using cold air (Cong et al., 2011) . For all the experimental results given in the literature, cutting force increased with increase of feedrate and diamond size. But it decreased as rotational speed increased except for CMC. In UVAG of CMC, no obvious effects of rotational speed on cutting force were observed.
Inconsistence also existed regarding vibration amplitude. Seven experiments have been conducted for UVAG, and six of them were for brittle materials and one for ductile material. Four of the seven were DOE experiments (design of experiment) for four workpiece materials (SiC, CMC, Al 2 O 3 , stainless steel, and silicon). No obvious effects of vibration amplitude have shown in the DOE experiments of brittle materials except for silicon but obvious effects of vibration amplitude existed in UVAG of stainless steel. In the other two experiments, cutting force decreased first and then increased in one experiment, while decreased all the time in the other one as vibration amplitude increased. In addition, interaction effects existed in UVAG of SiC, alumina, silicon and stainless steel, but not in UVAG of CMC.
Torque is one of the factors that determine the machining power in hole drilling. In UVAG, torque was measured by a KISTLER 9257 dynamometer. According to the literature, compared with twist drilling, torque was lower in UVAG of CFRP. In addition, torque decreased with the increase of ultrasonic vibration amplitude and tool rotational speed and the decrease of feedrate in UVAG of carbon fibre composites. Also, using variable feedrate method (explained in Section 9) or cutting fluid, torque could be lower than using a fixed feedrate method or cold air (Cong et al., 2011 (Cong et al., , 2013a (Cong et al., , 2012c (Cong et al., , 2012d .
Experimental investigations on tool wear
Tool wear is a significant index of the machinability for the machined material (Hocheng et al., 2000) . Diamond grains on the tool may have attritious wear, grain fracture, grain pullout and catastrophic failure during machining process (Cho et al., 1994; Churi et al., 2007c; Hagiwara et al., 1994; Malkin, 1989; Sathyanarayanan and Pandit, 1985; Shi and Malkin, 2003; Xie et al., 2003) . "Attritious wear refers to a type of wear where sharp edges of an abrasive grain becomedull due to attrition by workpiece material, developing flat areas" (Churi et al., 2007c; Malkin, 1989) as shown in Figure 7 . "Attritious wear increases the area of wear flats and determines the magnitude of the grinding force and quality of the ground surface" (Churi et al., 2007c) . Grain fracture causes the abrasive fragment to be removed within the grain and the fractured area exposes new cutting edges (Churi et al., 2007c) . Grain pullout refers to a type of wear where the "diamond grains on the wheels were dislodged prematurely, before completing their effective working lives", as shown in Figure 8 . Catastrophic failure refers to "cracking of metal bond and diamond grains occurring at macroscopic scale". This type of failure is undesirable since once it happens, the tool will fail (or break). Bond fracture may happen during diamond grinding (Churi et al., 2007c; Malkin, 1989; Shi and Malkin, 2003) . It refers to a type of wear where the bond material is eroded. The bond strength is reduced and diamond grain dislodgement is promoted due to bond fracture. Sometimes, a certain amount of metal bond material was removed leading to the grain to be completely pulled leaving a cavity in the metal bond (Churi et al., 2007c) .
In UVAG, tool wear was measured by the difference between two length measurements along the axial direction before and after each test. The tool length of the core drill was measured by a Vernier calliper (Churi et al., 2005 (Churi et al., , 2007c or observed by digital microscope (Zeng et al., 2004) . Tool wear was also defined as the weight loss of the cutting tool during each test (Cong et al., 2011 (Cong et al., , 2013a . Tool wear was also estimated by wear ratio which is the ratio of the volume of material removed by tool to the volume of tool wear (Prtrukha, 1970) . Table 5 summarises experimental investigations on tool wear reported in the literature. One brittle material (glass), one ductile material (Ti) and one composite materials (CFRP) were tested by three researchers, respectively. Six of the 13 input variables were studied for glass, four for Ti, and three for CFRP. Little research has been done for tool wear in UVAG. Some of these investigations were conducted to study influences of input variables on tool wear (Prtrukha, 1970; Churi et al., 2007b) . Others were done to find the phenomena related to tool wear (Li et al., 2004b; Churi et al., 2007c; Zeng et al., 2005 Zeng et al., , 2009 ). Due to poor machinability of ductile material Ti, more tool wear was observed in UVAG of Ti than in UVAG of brittle materials. In UVAG, tool wear is lower than that in diamond grinding. Moreover，tools with slots has higher wear rate than those without slots (Churi et al., 2005) . Compared to using cold air as coolant, less tool wear was observed by using cutting fluid as coolant (Cong et al., 2011) .
Experimental investigations on edge chipping
During UVAG of brittle materials, "there is a tendency for machined rod to break-off before the tool has cut through the workpiece. This phenomenon gives rise to edge chipping at the exit of hole" (Churi et al., 2009) . It includes two parameters: chipping thickness and size, as shown in Figure 9 . They were measured on the rod as shown in Figure 8 and measured by a Vernier calliper (Churi et al., 2009; Li et al., 2006) . Edge chipping is not acceptable on finished workpieces, since it "not only compromises geometric accuracy, but also causes possible failure of the component during service" (Ng et al., 1996) , so it has to be machined off by extra processes after UVAG. The larger the edge chipping thickness, the higher the total machining cost. Therefore, research efforts to reduce edge chipping thickness in UVAG are desirable. Furthermore, it was stated that Ra is not enough to estimate hole quality in CMC drilling, and "chippings are the key barrier of drilling high-quality holes on CMC panels", so chipping size and thickness were utilised to estimate the hole quality in UVAG of CMC (Li et al., 2005a) . Static force * Experimental investigations on edge chipping of brittle materials are summarised in Table 6 . Six materials and four input variables were studied by three researchers. It was found that chipping size was inversely proportional to rotational speed and diamond grain size and proportional to feedrate and vibration amplitude (Churi et al., 2007d (Churi et al., , 2009 Jiao et al., 2005b; Li et al., 2005a Li et al., , 2006 Ng et al., 1996) . By integrating designed experiments and FEA simulations, Cong et al. (2012a) presented that tool rotational speed, ultrasonic power and feedrate have significant effects on edge chipping thickness, and higher rotational speed and vibration amplitude and lower feedrate led to lower edge chipping. In UVAG of SiC and silicon, no significant interactions have been found (Churi et al., 2007d; Cong et al., 2012a) , while in UVAG of CMC and alumina, there existed interaction effects among inputs variables Li et al., 2005a) . In addition, it was reported that edge-chipping thickness could be reduced by increasing the support length (Li et al., 2006 (Li et al., , 2004a . For effects of tool design, tool angle and wall thickness and type of cutting tool had influences on edge chipping thickness. The outer tool had the lowest edge chipping thickness and size, while the normal tool had the highest edge chipping thickness and size (Qin et al., 2010) .
Experimental investigations on surface and subsurface damage
Since UVAG is an abrasive machining process, it will cause surface damage (such as chipping and scratch) and subsurface damage (such as residual stress and subsurface cracks) when the workpiece is brittle material. These damages serve as potential sites for crack initiations and propagation as well as fracture failure. With respect to experimental investigations on surface and subsurface damage, two materials have been studied: dental ceramics and glass K9 (Ahmed et al., 2012; Lv et al., 2012) , as shown in Table 7 . In order to observe the subsurface of workpiece, a bonded interface sectioning technique was selected by researchers. The interface of two specimens were first bonded together with adhesive and after machining, the bonded specimens were separated and cleaned. The subsurface damage layer was observed on the boned interface. Also, etching with Yang solution was done to make the subsurface cracks discernable. Scanning electron microscope (SEM) and microscope were used to observe the surface and subsurface damage (Lv et al., 2012 (Lv et al., , 2014 . For dental ceramics, it was presented that the surface quality is better with ultrasonic vibration than without, the subsurface cracks and the depth of crack ranges are much less with ultrasonic vibration than without. However, subsurface cracks generation and propagation mechanism have not been well explained (Ahmed et al., 2012) . Source: Lv et al. (2014) For UVAG of glass K9, three types of subsurface damage were identified as pulverisation, chipping, and cracking by Lv et al. The pulverisation layer was characterised by finer debris as shown in Figure 10 ; chippings were formed while lateral cracks extending to the workpiece surface. Cracking layer was beneath the chipping layer, the cracks obliquely extended further into the interior material, due to the complexity of the abrasive-material interactions. Lv et al concluded that pulverisation was formed due to the inertial effects of material aroused by the dynamic loading of the abrasive. They also presented that material pulverisation was the third material removal mechanism beside brittle fracture and plastic flow, and pulverisation areas gave prominence to the fracture areas (Lv et al., 2012) . They found that unlike in traditional grinding, in UVAG the micro-cracks did not expand into the interior material and nucleated simultaneously, so it could be seen that plenty of micro-cracks, which pulverised the material, were populated near the top surface of the workpiece.
Others
Cong et al. proposed a variable feedrate method in UVAG of CFRP/Ti stack where low feedrate was used in UVAG of Ti while feedrate of 10 times higher was used in UVAG of CFRP. In other words, they changed the feedrate at the interface between CFRP and Ti for the CFRP/Ti stack. In their study, feedrates of 0.5 mm/s and 0.05 mm/s were chosen for CFRP and Ti respectively. Compared to the traditional constant feedrate, the cycle time for machining the stack was shorter, and the cutting force, torque and tool wear was lower under most machining conditions (Cong et al., 2013a) . Diamond tool life and quality of machined parts are strongly influenced by cutting temperature, and it is not easy to measure the real temperature when using cutting field. Zou et al. (2013) measured the point temperature by self-designed Fabry-Perot fibre optic sensor. They concluded that fibre optic sensor offers more accuracy point temperature and good durability against harsh environments than thermocouple measurement. The influence of input variables (ultrasonic power, spindle speed, and feedrate) on temperature were also studied. In the future, more inputs can be included to study the relationship between inputs and temperature by this temperature measuring method to have a comprehensive understanding of generation of temperature and temperature controlling techniques. Source: Liu et al. (2012) Recently, another new machining method, RUEM was proposed by Jing Liu et al. in for drilling holes on CFRP panels. RUEM is a hybrid of the UVAG and ultrasonic elliptical vibration cutting (UEVC). Figure 11 illustrates the UEVC process. In RUEM, a rotating diamond core drill is ultrasonically vibrated in elliptical pattern and the process does not require pumping of the coolant. According to their experimental investigations, the cutting force and torque were reduced significantly, and the delamination at the exit of hole and surface quality around the hole edges were improved by comparing with traditional drilling (Liu et al., 2012) .
Concluding remarks
Large amount of research work on UVAG has been carried out. The research work included both theoretical and experimental investigations. This paper reviewed the literature on experimental investigations of UVAG. Tables 1-7 summarise experimental investigations reported on seven outputs variables in details.
According to these tables, among all reported experimental investigations, only two types of ductile materials (Ti and stainless steel) have been investigated and more effort has started on carbon fibre composites. But totally only eight input variables are studied in these experiments. Thus, in order to comprehensively understand the mechanisms of UVAG of ductile materials and carbon fibre composites, one future research direction could be to investigate more input variables and more types of ductile materials and composite materials.
In contrast, more brittle materials have been investigated. However, there are many blanks that need to be filled in this area. It should be noted that, in UVAG of brittle materials, there existed two types of machines: constant pressure and constant feedrate. Using constant federate machines has become the main trend, and most of research work were experimental investigations. The mechanisms in UVAG have not been comprehended, so the mechanisms in UVAG using constant federate machines could be the second research direction in the future.
From Section 3 to Section 7, mechanical properties of workpiece material may play an important role for the inconsistence among the reported experimental results. However, no reports have been focused on this topic. In order to understand and explain these inconsistencies, mechanical properties of workpiece material could be the third research direction.
Several DOE experiments have been designed to study interaction effects of input variables on outputs. It has been showed that even for same material, different researchers got different experiment results in some cases. This may be due to their different experimental conditions, but also may be due to the incomprehensive number of input variables and different data range of variables. Ultrasonic vibration amplitude, rotational speed and feedrate are the most frequently studied inputs variables. While for diamond grain size and concentration, bond type and diamond type, diameter of tool, higher cost and longer duration time will be required to study these inputs variables, so just a few experiments has been conducted to study these variables. Especially for vibration frequency, there is no choice to change the frequency on most UVAG machines since it has been fixed when the machines were built. All these can be the reasons why only a few input variables have been used in DOE experimental investigations. With the development of the UVAG device and the increasing new applications of UVAG, it is possible and necessary to make a more comprehensive study on UVAG.
Tool wear could be another research direction. To date only little research has been done on this topic. What has been done about tool wear focused on experimental observation, while the tool wear mechanism is still not understood yet. Many input variables can affect tool wear, such as tool design, machining parameters, coolant, workpiece, etc, but most of these input variables have not been systematically studied.
The new machining method RUEM was only used to machine CFRP, and both the experimental and theoretical studies are not sufficient to evaluate it. Therefore, this may be another research direction.
